Background Peritoneal free fluid can indicate an underlying disease process; however detection of minimal peritoneal free fluid in healthy children is not uncommon. Objective To assess the significance of incidental peritoneal free fluid within healthy children by MRI and its relation to physiological changes during puberty. Materials and methods This prospective study was performed on 32 healthy volunteers (20 boys) between the ages of 8 years and 13 years, with consecutive follow-ups every 8-10 months for an average of 3 years. Body mass index (BMI) z-score, pubertal status, C-reactive protein and sex hormone concentrations were assessed prior to MRI studies. We reviewed a total of 120 pelvic MRI studies (61 boys) and measured the quantity of peritoneal free fluid. For statistical analysis we used linear mixed-model accounting for within-patient correlations.
Introduction
Peritoneal free fluid, defined as a fluid collection in the pelvic cavity, can indicate an underlying disease process such as inflammation or malignancy. As such, it has been proposed that detection of significant fluid requires further diagnostic assessment to exclude serious conditions [1] . However, detection of minimal peritoneal free fluid in healthy children is not uncommon, possibly because of increased peritoneal permeability [1, 2] . Previous studies using ultrasonography have indicated a higher prevalence (12%) of peritoneal free fluid in asymptomatic children ages 9-15 years compared to other age groups, with the maximum volume ranging 1.0-6.9 mL [1] [2] [3] . While ultrasonography remains the most readily available modality for evaluating peritoneal free fluid, the sensitivity for detecting free pelvic fluid is greatly improved with MRI. To the best of our knowledge, no studies have investigated peritoneal free fluid in a healthy pubescent cohort by MRI. The prevalence and volume of fluid in pubescent populations assessed with MRI could be different from the prevalence reported with ultrasonography [2, 4] . It might be difficult to determine whether incidentally identified peritoneal free fluid is normal or abnormal; studies on prevalence and volume of peritoneal free fluid in healthy volunteers would assist in clarifying how much isolated fluid is physiological. In addition, most studies quantifying peritoneal free fluid have been performed on children with clinical indications for pelvic imaging, not truly healthy pubescent volunteers; therefore, there are few normative data regarding the volume of peritoneal free fluid during the pubertal transition [1] [2] [3] [4] .
To quantify peritoneal free fluid in children, one should consider the hormonal changes during the pubertal transition that could influence the development of peritoneal free fluid. Changes in gonadal hormones -including estradiol, progesterone, 17-hydroxyprogesterone, testosterone, dehydroepiandrosterone sulfate (DHEAS) and androstenedione -during puberty not only trigger the appearance of secondary sex characteristics and physical development but also impact homeostasis of body fluid [5, 6] . Traditionally progression of puberty is clinically evaluated through determination of pubertal stage by a clinician employing the Tanner method, which divides pubescent development into five stages ranging from pre-pubescence to adulthood [5, 7] , along with measurement of testicular volume via orchidometry as described by Zachmann and colleagues [8] .
Another influential factor to be considered in evaluating peritoneal free fluid is the presence of an inflammatory condition in the body. C-reactive protein (CRP) is an acute-phasereactant protein that is part of the immune system and rises during inflammatory processes. While two-thirds of people in the United States have less than 3 μg/mL CRP plasma concentration, CRP concentrations of more than 10 μg/mL can be counted as clinically significant [9] . Thus the possibility of inflammatory processes contributing to peritoneal free fluid can be evaluated by measuring CRP concentrations [10] .
The goal of this prospective study was to evaluate the prevalence of incidental peritoneal free fluid within healthy pubescent individuals. We used MRI to delineate the relationship between peritoneal free fluid volume and the physiological changes during puberty and establish normative values that, in theory, could help reduce unnecessary workups and financial burden to children and their families [11] .
Materials and methods

Study population
The study sample is a cohort of children and adolescents participating in a study of normally developing children (clinicaltrials.gov NCT01434368). This Health Insurance Portability and Accountability Act (HIPAA)-compliant prospective study was approved by the institutional review board of the National Institute of Mental Health. The healthy volunteer children provided written assent, and we obtained informed written consent from their parents. The study was carried out on 36 healthy volunteers (12 girls, 24 boys) between the ages of 8 years and 13 years studied at the National Institutes of Health Hatfield Clinical Research Center. Individuals had consecutive follow-ups every 8-10 months for an average of 3 years from September 2012 to October 2017.
Individuals with good general health were recruited at two age periods -8-9 years and 12-13 years -and were matched for age, race, ethnicity and BMI. The pre-pubertal sample was a group of 8-year-old children (male and female) recruited into the study after meeting criteria for being prepubertal (having absence of secondary sex characteristics associated with gonadarche). Pubertal stage was assessed by a physician or a nurse practitioner trained in pubertal assessment by physical exam (Table 1) . Pubertal staging provides a measure of development on a scale of 1-5 based on emergence of secondary sex characteristics [12] . Pubertal stage in boys was determined by measuring testicular volume using the Prader orchidometer [13] . Prepubertal stage was defined as testicular volume ≤3 mL. In girls, pubertal stage was determined by physical examination of the breasts. Prepubertal stage in girls was defined as absence of breast tissue elevation [14] . Participants were also required to be medically well, to have a BMI between the 15th and 85th percentiles for age and gender according to U.S. Centers for Disease Control and Prevention (CDC) 2000 growth charts, and to have radiologic evidence of age-appropriate bone development. A normal tempo of growth was determined by skeletal age within ±1.64 standard deviations of chronological age according to the Greulich and Pyle radiograph atlas to exclude any precocious (or delayed) puberty. The study also excluded any individuals with contraindications to MRI procedures and imaging artifacts. The older cohort was a group of boys and girls recruited at age 12-13 years. Their pubertal maturation was also assessed via physical examination of secondary sex characteristics. All menstruating girls underwent MRI during the follicular phase of the menstrual cycle to decrease the effect of physiological hormonal changes and ovulation as confounding factors for peritoneal free fluid [15] .
Our 
Pelvic magnetic resonance imaging
All MRI examinations were performed on the 3-tesla (T) MRI scanner (Achieva; Philips Healthcare, Best, the Netherlands). A T2-weighted (T2-W) turbo spinecho sequence with fat suppression (repetition time/echo time [TR/TE]=1,500-1,800/80-100 ms) axial sequence was obtained in all 167 pelvic MRI studies. The slice interval was 2.2 mm, including 2-mm slice thickness and 0.2-mm slice gap. All MRI studies were reviewed by two radiologists (A.A.M. and M.B., with 6 years and 25 years of post-residency experience).
Image analysis
Forty-seven MRIs were not evaluable because they lacked coverage of the full pelvis; therefore we analyzed a total of 32 children (20 boys) with 120 MRI scans (61 for boys). We used imaging software (Vitrea v. 6.8.0; Vital Images Inc., Plymouth, MN) to measure the amount of pelvic free fluid. The area containing fluid was segmented in each slice separately, then the software automatically interpolated the segmentations and eventually calculated the volume of each pocket independently. We obtained 3-D reconstructed images for each pocket (Fig. 1) [16] . To find the total volume of peritoneal free fluid in each child, we summed the volume in all pockets.
Anthropometrics, pubertal status, inflammation and sex hormones
We used height and weight to calculate BMI (kg/m 2 ), which was converted to BMI z-scores for age and gender. Reproductive endocrine and metabolic and physical status were measured by trained observers to identify the stage of puberty. At all 167 follow-ups, the pubertal status and sex hormone concentrations, including estradiol, progesterone, 17-hydroxyprogesterone, testosterone, DHEAS and androstenedione, were assessed prior to MRI studies. We analyzed levels of 11-desoxycortisol, testosterone, androstenedione and 17-hydroxyprogesterone using liquid chromatographytandem mass spectrometry (LC-MS/MS; ng/dL). We measured progesterone serum levels with mass spectrometry (ng/ mL); estradiol with electrochemiluminescence immunoassay (pg/mL) on the Cobas E601 analyzer (Roche, Indianapolis, IN); and dehydroepiandrosterone sulfate with chemiluminescence immunoassay (mcg/mL) on an Immulite 2000 XPi analyzer (Siemens, Erlangen, Germany). In addition, we evaluated C-reactive protein before each imaging study. C-reactive protein high sensitivity was run on a Roche Cobas 6,000 analyzer.
Statistical analysis
We used R statistical software (R Studio: Integrated Development Environment for R v. 1.0.44, Boston, MA) for statistical analysis. We used linear mixed modeling to determine whether levels of pelvic free fluid varied across different pubertal stage groups in boys or girls. We selected pubertal stages 1-5 as fixed effects of the test and assigned patient identifications as the random effect to account for repeated measures within each child. We measured the relationship between the level of sex hormones, CRP, BMI z-score and age, and the volume of free pelvic fluid by the bootstrapping procedure. Models were calculated using the R lme4 [17] and 
Results
The prevalence of peritoneal free fluid was significantly higher in girls (91%) compared to boys (67%; P=0.0035; Table 2 ). The mean ± standard deviation (SD) volume of peritoneal free fluid was 4.7±5.7 mL in girls and 1.9±3.1 mL in boys, with a maximum volume of 25 mL and 17 mL, respectively (Fig. 2) . Although 69% of girls and 88% of boys had less than 5 mL peritoneal free fluid, the volume of peritoneal free fluid was greater than 10 mL in 15% of the girls and 3% of the boys (Fig. 3) . There was no relationship between chronological age or BMI z-score with volume of peritoneal free fluid in either boys or girls (all P>0.05) in the linear regression model. There was a significant difference (P=0.006) in mean age of volunteers with (10.7 years old) and without (13.7 years old) pelvic fluid (Fig. 4) . The sample sizes for first through fifth stages of puberty were 14, 7, 9, 10 and 19 in girls and 15, 18, 9, 6 and 13 in boys, respectively. In the stages of puberty, mean volume of peritoneal free fluid in the fourth stage was higher than that of other stages in both genders. Furthermore, the mean volume in the fourth stage was significantly different from that of the first pubertal stage in both genders (P=0.01; Fig. 5 and Table 3 ) [5] . Among sex hormones, the gonadal hormones (estradiol and progesterone) had positive linear correlations with peritoneal free fluid in girls (r=+0.30, P=0.03 and r=+0.42, P=0.002). In the male population there were no significant relationships between sex hormones and peritoneal free fluid volume (all P>0.05; Table 4 ). The mean (±SD) BMI z-score was 0.22±0.61 and −0.09±0.56 in these healthy female and male volunteers, respectively. The CRP level was less than 3 μg/ mL in 99% (119/120) of this population, regardless of gender. In addition, there was no correlation between CRP and fluid volume (P>0.05).
Discussion
Although free fluid in the pelvis can be a sign of underlying disease, minimal peritoneal free fluid in children has been considered normal. To the best of our knowledge, there is no specific definition for minimal peritoneal free fluid. In this study, we focused on healthy pubescent volunteers to evaluate SD standard deviation the prevalence and volume of peritoneal free fluid and to investigate the relationship between peritoneal free fluid volume and its prevalence with adolescent developmental changes using MRI. In previous studies, prevalence of fluid in asymptomatic children with a few comorbidities during their visits was approximately 12% [1] [2] [3] . In this study, the prevalence of fluid within both female (91%) and male (67%) groups was much higher. This result could be because of higher sensitivity for detecting fluid as measured by MRI compared to ultrasonography and CT scan. We chose our study population to be of ages that would encompass the full range of pubertal stages because this age group is associated with hormonal changes [2] .
Our results showed a significant difference in mean peritoneal free fluid volume between girls (4.7 mL) and boys (1.7 mL). This difference could be from the effect of estradiol on capillary permeability and the existence of residual ovarian exudate in the pelvis in girls. It has been shown that peritoneal free fluid volume increases at the end of the follicular phase during each menstrual cycle, which might be related to the estradiol surge [19] . During puberty, testosterone and estradiol have a major role in secondary sexual development in boys and girls, respectively. Testosterone can be transformed to estradiol through aromatization (frequently in adipose tissue), so with increasing testosterone levels in boys, estradiol also rises, albeit to a lesser degree compared to girls [20] . According to previous studies, estradiol in girls and testosterone in boys are at the highest level in the fourth stage of puberty compared to the first stage, which has the lowest level of sexual hormones [5] . The latter might be related to higher volumes of peritoneal free fluid in the fourth stage of puberty in both genders in our study compared to the first stage.
In rat studies, progesterone increases the capillary permeability through vascular endothelial growth factors, but this has not been established in humans [21] . In this study, there was a positive correlation between the volume of peritoneal free fluid and both estradiol and progesterone in the female population. These data are consistent with the hypothesis that progesterone and estradiol might have similar effects on vessel permeability in children.
CRP as a phase-reactant protein can be a sign of inflammatory processes in the body. In this study, almost all children had a negative CRP result before undergoing MRI studies, correlating with the healthy status of our participants.
In all previous studies, more than 10 mL pelvic free fluid was rarely reported in asymptomatic individuals. Less than 10 mL fluid has been assumed normal in all age groups without evidence of underlying disease [2, 4, 22] . However, in this study of healthy volunteers 9% of our cohort (15% of girls and 3% of boys) had more than 10 mL fluid during puberty transition; the maximum volume of detected fluid was 25 mL and 17 mL in girls and boys, respectively. It seems the peritoneal free fluid prevalence and volume are much greater during puberty than prior studies have detected. Therefore, if there is no sign of underlying disease in the pubescent population, the range of normal values for peritoneal free fluid volume appears to exceed 10 mL. More than 10 mL physiological peritoneal free fluid found incidentally in an MRI study in a mid-pubertal child might mislead radiologists into reporting this as an abnormal finding.
There are limitations to this study. First, we had to exclude MRI studies of 45 boys and 2 girls because MRIs of the full pelvis were not included in the imaging studies. This could have impacted the reported averages, especially in studies of boys in whom free fluid was detected. Further studies with larger sample sizes are warranted to support the evidence that free fluid, despite the volume, in the absence of any organ pathology is probably physiological. Second, we could not evaluate peritoneal free fluid in the upper part of the abdomen because of the pelvic MRI protocol. However, according to previous studies, peritoneal fluid usually accumulates in the pelvis rather than abdomen because of gravity [23] .
Conclusion
Our findings showed a high prevalence of peritoneal free fluid in both genders (91% female, 67% male), and a high incidence of more than 10 mL peritoneal free fluid (15% of girls, 3% of boys) during puberty. We suggest that volume of peritoneal free fluid in the pubescent population needs further investigation to define baseline values as a guideline for clinicians, especially radiologists, to differentiate physiological from pathological fluid when encountering incidental peritoneal free fluid. An appreciation of the prevalence of measurable peritoneal free fluid in healthy children could help physicians by preventing unnecessary workups and associated costs.
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